The role of environmental stressors, particularly exposure to air pollution, in the development of neurodegenerative disease remains underappreciated. We examined the neurological effects of acute ozone (O 3 ) exposure in aged mice, where increased blood-brain barrier (BBB) permeability may confer vulnerability to neuroinflammatory outcomes. C57BL/6 male mice, aged 8-10 weeks or 12-18 months were exposed to either filtered air or 1.0 ppm O 3 for 4 h; animals received a single IP injection of sodium fluorescein (FSCN) 20 h postexposure. One-hour post-FSCN injection, animals were transcardially perfused for immunohistochemical analysis of BBB permeability. b-amyloid protein expression was assessed via ELISA. Flow cytometric characterization of infiltrating immune cells, including neutrophils, macrophages, and microglia populations was performed 20 h post-O 3 exposure. Flow cytometry analysis of brains revealed increased microglia "activation" and presentation of CD11b, F4/80, and MHCII in aged animals relative to younger ones; these age-induced differences were potentiated by acute O 3 exposure. Cortical and limbic regions in aged brains had increased reactive microgliosis and b-amyloid protein expression after O 3 insult. The aged cerebellum was particularly vulnerable to acute O 3 exposure with increased populations of infiltrating neutrophils, peripheral macrophages/monocytes, and Ly6C þ inflammatory monocytes after insult, which were not significantly increased in the young cerebellum. O 3 exposure increased the penetration of FSCN beyond the BBB, the infiltration of peripheral immune cells, and reactive gliosis of microglia. Thus, the aged BBB is vulnerable to insult and becomes highly penetrable in response to O 3 exposure, leading to greater neuroinflammatory outcomes.
2012; Gomez-Mejiba et al., 2009; Levesque et al., 2011 b) ; however, lack of information regarding the pathophysiological mechanisms underlying these effects hampers identification of vulnerable subpopulations.
In the past decade, much attention has been given to the potential translocation and accumulation of particulate matter to the systemic vasculature and central nervous system (CNS) following exposure to air pollution (Block and Calder onGarcidueñas, 2009; Maher et al., 2016; Mercer et al., 2013; Miller et al., 2017; Oberdorster et al., 2004; Peters et al., 2006) . Localization of particulate matter in the CNS has been demonstrated after high dose exposures but has only been experimentally linked to neuroinflammation and pathology in an associative manner. However, indirect inflammatory effects due to pulmonary damage may be carried into circulation, as demonstrated mechanistically in several recent studies of both particulate and gaseous inhaled toxicants (Aragon et al., 2017; Channell et al., 2012; Lucero et al., 2017; Robertson et al., 2013; Schisler et al., 2015) . For exposures to lower doses of inhaled toxicants, this may be the likely mechanism of neuroinflammatory effects. Using inhaled O 3 , which is unable to penetrate unreacted farther than 0.1 lm into the lung surfactant (Postlethwait et al., 1994) , Mumaw and colleagues observed increased microglia activation in the brains of exposed rats; additionally, serum obtained postexposure initiated an inflammatory cascade in cultured microglia (Mumaw et al., 2016) . Pulmonary exposure to multiwalled carbon nanotubes similarly generated circulating factors that induced inflammatory responses in cultured cerebrovascular endothelial cells and inhibited vasodilation in ex vivo vascular preparations; indeed, activation of microglia and astrocytes postexposure was contingent upon depletion of blood-brain barrier (BBB) function (Aragon et al., 2017) . More recently, Ganguly and colleagues compared inhalation of carbon black particulate matter with intravenous infusion and found that inhalation induced a greater systemic inflammatory response, again indicating that indirect responses arising from the lung may have greater biological consequences than direct effects of systemically translocated particulate matter (Ganguly et al., 2017) .
The BBB consists of the nonfenestrated brain endothelial cells contouring the vasculature of the CNS, the astrocytic end feet surrounding this vasculature, neurons, pericytes, and a host of proteins all of which control the flow of nutrients, hormones, and toxins between the brain and circulation (Haddad-T ovolli et al., 2017) . Trafficking of leukocytes is heavily regulated by the BBB, yet despite the "immune privilege" of the brain, surveillance by peripheral immune cells occurs, particularly during disease (Engelhardt et al., 2017) . Systemic immune activation correlates with neuroinflammation and can perpetuate chronic inflammation in the brain. Conversely, neurodegenerative outcomes, including the accumulation of b-amyloid plaques (Ab) and tau proteins, induce innate immune activation. This diverts microglia, the resident immune cells of the brain, from their beneficial physiological function toward an adverse phenotype, better known as reactive gliosis, resulting in proneuroinflammatory niches (Burda and Sofroniew, 2014) . Studies reveal that chronic neuroinflammation itself may underlie, or at least potentiate, neurodegenerative outcomes (Ransohoff, 2016 b) . The potential role of environmental stressors in this relationship remains an underappreciated contributor to neurodegenerative disease states (Jayaraj et al., 2017) .
As the population ages, the prevalence of neurodegenerative disorders increases (Niccoli and Partridge, 2012 ); yet the extent to which the aging population is more vulnerable to neural insult and induction of neuroinflammation upon exposure to environmental pollutants is relatively unexplored. A recent meta-analysis revealed that in all assessed studies, save one, a correlation was found between increased exposure to at least one type of air pollutant and decreased cognition or a dementia-related outcome (Power et al., 2016) . As the brain ages, the permeability of the BBB increases, likely due to reduced endothelial cell integrity and vasculature remodeling (Lee et al., 2012; Montagne et al., 2015) ; indeed, normal changes in vasculature during the aging process are exaggerated upon exposure to air pollutants. This exposure also induces neuroinflammation that appears dependent on an initial insult to the BBB (Aragon et al., 2017; Mumaw et al., 2016; Tyler et al., 2016) . As such, the elderly population may be at greater risk for neurological outcomes induced by neuroinflammation in response to air pollution exposure, simply because they have increased baseline BBB permeability.
The purpose of this study was to evaluate the effect of acute exposure to air pollution on brain permeability, neuroinflammation, and neurodegenerative outcomes in aged animals. We hypothesized that aged animals, with increased BBB permeability compared with young animals, would have a greater neuroinflammatory response, even to one acute dose of environmentally relevant O 3 exposure.
MATERIALS AND METHODS
O 3 exposure paradigm. All procedures were conducted in accordance with protocols approved by the Institutional Animal Care and Use Committee at the University of New Mexico. Animals were maintained in a 22 C, AAALAC-approved vivarium on a 12-h light/dark cycle with ad libitum access to chow and water. Adult male C57BL/6 mice (age-matched from Taconic Labs and Jackson Labs) were group housed and allowed to age either 8-10 weeks or 12-18 months. The resulting average age for assessment of the "aged" cohort was 431 6 66 days. Animals derived from the 2 different vendors were randomized throughout the study design into groups for exposure to either filtered air (FA) or 1 ppm O 3 via whole body inhalation for 4 h from 08:00 to 12:00 h (Robertson et al., 2013) . O 3 was generated using an OREC silent arc discharge O 3 generator (Osmonics, Phoenix, AZ) and monitored using a photometric O 3 analyzer (TG-501, GrayWolf, Shelton, CT). Food was withheld during the 4 h exposure to preclude ingestion of O 3 -derived byproducts, and mice were exposed without bedding to ensure optimal delivery of O 3 . Animals were euthanized 20 h postexposure at 08:00 h the following day.
Flow cytometry analysis of BBB permeability and immune activation. All flow cytometry analyses were performed on tissues isolated 20 h post-O 3 exposure. Animals were transcardially perfused with ice-cold phosphate-buffered saline (PBS; pH 7.4) to remove circulating immune cells from blood vessels. The cerebellum was separated from the rest of the brain and the spleen was removed. Tissues were digested according to the manufacturer's instructions using the Miltenyi gentleMACS protocol to obtain a single-cell suspension as previously described (Noor et al., 2017) . Briefly, tissue was minced and digested with 10 mg/ml deoxyribonuclease-1, DNase-1 (Sigma-Aldrich, St. Louis, MO), and 100 mg/ml collagenase (Roche Diagnostics, Indianapolis, IN) in C-tubes (Miltenyi Biotec, San Diego, CA) at 37 C under continuous rotation. Samples were dissociated using a gentleMACS Dissociator (Miltenyi Biotec); following dissociation, cells were passed through a 40 lm cell strainer (Corning sterile cell strainers, Fisher Scientific) and incubated with magnetic myelin removal beads (Miltenyi Biotec) for 15 min at 4 C. Figure 1E ). The subpopulation of neutrophils within the leukocyte population was determined using 1A8 expression (neutrophil marker) and CD11b expression ( Figure 1F ). Figure 1G ). Median fluorescence intensities (MFIs) were determined for CD11b, F4/80, and MHCII expression on microglia in either the cerebellum or rest of brain (ROB) where n ¼ 3 mice per group. Additionally, infiltrating monocytes/macrophages were further analyzed for positive Ly6C expression to identify inflammatory monocytes (1A8
Immunohistochemistry for analysis of the BBB. BBB permeability was assessed using the injectable tracer, sodium fluorescein (FSCN), as previously described (Aragon et al., 2017) . Briefly, animals were intraperitoneally injected with 100 ll of 2% (wt/vol) FSCN (Sigma Aldrich) 20-h post-O 3 exposure. One hour following injection, animals were euthanized and transcardially perfused with 0.9% (wt/vol) NaCl (saline solution), followed by 4% paraformaldehyde. Brains were removed and fixed at 4 C in 4%
paraformaldehyde for 48 h and transferred to a 30% (wt/vol) sucrose solution. Following cryoprotection in sucrose, brains were rinsed in 1Â PBS and frozen in OCT (optimal cutting temperature compound). Sagittal sections (25 lm, 50 lm, or 100 lm) were collected with a cryostat and stored at À20 C until use. For BBB analysis, sections were washed with 1Â PBS and stained with DAPI (4 0 ,6-diamidino-2-phenylindole; 1:1000; Life Technologies, D3571) to label cell nuclei. Sections were imaged on a Zeiss AxioPlan2 Microscope with Nuance Multi-Spectral Camera using 20Â objective, as previously described (Aragon et al., 2017) . Briefly, in 3 separate tissue sections, 2-3 images per region, including the brainstem, cerebellum, frontal cortex, dentate gyrus, hippocampus (CA1 area), and hypothalamus, were obtained per animal. Images were analyzed using ImageJ software for total fluorescence of FSCN as a measure of BBB permeability. Using sections stained with Iba-1, microglia morphology was assessed as previously described (Aragon et al., 2017) . Briefly, the soma size and territory occupied by an individual cell, as determined by the perimeter created from the microglia processes, was assessed using ImageJ software. Data are presented as an activation index, or the ratio of soma size over total territory occupied. This ratio should increase as microglia become reactive: soma size increases while territory decreases. The number of microglia was assessed by counting the number of soma present in representative images of Iba-1 stained microglia in each brain region.
For confocal microscopic visualization of the neurovascular units, 50 lm sections were permeabilized and stained overnight at 4 C with rabbit anti-platelet endothelial cell adhesion molecule-1 (PECAM-1; 1:100; Santa Cruz, sc-1506-R) to visualize vasculature. The following day, sections were stained with the secondary antibody, Alexa Fluor 555 (1:1000; Life Technologies) and the conjugated glial fibrillary acidic protein (GFAP)-Alexa Fluor 647 antibody (1:500, Biolegend, 644706) to visualize astrocytes for 2 h at RT. DAPI was applied to label cell nuclei. Images were captured using a Zeiss LSM800 Airyscan confocal microscope at 63Â with appropriate compensations for visualizing FSCN, PECAM, GFAP, and DAPI simultaneously.
Preparation of brain tissue for protein expression analysis. Frozen cortical/limbic tissue was weighed and manually homogenized in tissue homogenization buffer containing 2 mM Tris (pH 7.4), 250 mM sucrose, 0.5 mM EDTA, and 0.5 mM EGTA with 1:100 protease inhibitor cocktail (Sigma, P8340) using the Biomasher II disposable microhomogenizer (Kimble Chase, Rochester, NY).
Homogenates were mixed 1:1 with 0.4% diethylamine (DEA) solution and centrifuged at 150 000 Â g for 1 h at 4 C. The supernatant was neutralized 1:10 with 0.5 M Tris-HCl (pH 6.8). Protein concentrations were determined using spectrophotometric absorbance at 280 nm. Homogenates were snap frozen in liquid nitrogen and stored at -80 C until use.
b-Amyloid protein expression analysis in brain via ELISA. Soluble toxic Ab42 was assessed in cortical tissue samples via ELISA with the human/rat b-amyloid (42) ELISA kit (Wako Pure Chemical Industries, 290-62601, Richmond, VA), per manufacturer instructions. Briefly, after overnight incubation of tissue samples and standards, the microplate was washed Â5 and subsequently incubated with horseradish peroxidase (HRP)-conjugated antibody for 1 h at 4 C. Wells were washed Â5 again and 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) solution was added to initiate the HRP reaction. The reaction was terminated after 30 min and absorbance at 450 nm for each well was determined using a Tecan plate reader. A standard curve from known Ab42 protein concentrations was generated; concentrations for each sample were determined and converted to pg Ab42/mg cortical tissue loaded by correcting for dilution factors and variable protein concentrations per sample.
Statistics. Statistical analyses were conducted on GraphPad Prism 6 Software, version 6.03 (GraphPad Software, San Diego, CA). For assays where O 3 exposure effects were generated in both young and old mice, a 2-factor analysis of variance (ANOVA) with Bonferroni correction for group differences was applied. For certain assays where only aged mice were used, a Student's t test was used. p values less than .05 were considered significant. Figure 2F ) and a significant difference (p < .01) between young and aged animals with acute O 3 exposure ( Table 1) . The macrophage/monocyte subpopulation was further analyzed for Ly6C expression, a marker for circulating inflammatory monocytes in the blood. Figures 2G and 2H demonstrate a 44.3% increase in the population of inflammatory monocytes (CD11b
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in the aged cerebellum after acute O 3 exposure. Two-way ANOVA statistical analysis of the inflammatory monocyte population demonstrates a main effect of O 3 exposure (p < .05) but no main effect of age and no interaction. A significant difference (p < .05) in infiltrating inflammatory monocytes was found between aged FA and aged O 3 exposure groups ( Figure 2I ). Significant monocyte infiltration in response to acute O 3 exposure was not observed for total brain tissue (total brain without cerebellum and brain stem, referred to as "brain"); data are not shown due to lack of statistical significance. However, region specificity must be considered when determining the impacts of inhaled toxicants on peripheral immune infiltration in the brain. As such, it is likely that regional heterogeneity impacted gross flow cytometric analysis.
The Cerebellar Microglia Population is Sensitive to Acute O 3 Exposure in Aged Animals
We identified the live leukocyte subpopulation with the following expression pattern as microglia: Figure 1 for gating strategy). MFIs were determined for CD11b, F4/80, and MHCII expression on microglia in either the cerebellum or ROB (brain) where n ¼ 3 mice per group. Based on this expression pattern, we observed an increase in CD11b MFI, indicative of increased microglial "activation" as a function of both age and in response to O 3 exposure ( Figure 3A ). Two-way ANOVA analysis demonstrates a significant main effect of age (p < .01) and O 3 exposure (p < .0001) with no interaction. Multiple comparison analyses with Bonferroni correction revealed a significant difference in the young versus aged cerebellum microglia population (p < .05), a significant effect of O 3 in the young cerebellum (p < .001), and a significant effect of O 3 in the aged cerebellum (p < .05) as seen in Figure 3A .
The current state of research focusing on neuroinflammation has reconceived the notion of "activated" microglia; M1 and M2 phenotypes are now considered archaic nomenclature for assigning functionality to these cells (Burda and Sofroniew, 2014; Ransohoff, 2016a) . However, microglia cells that express high F4/80 or MHCII are "reactive" in that they exhibit larger soma, shortened arborizations, and enhanced phagocytic action, characteristics that are antithetical to their normal positive physiological function (Greter et al., 2015) . Thus, to determine if microglia cell present in the brain are "reactive" or exhibit a phagocytic phenotype that underlies characteristic neuroinflammation, we assessed expression of F4/80 and MHCII. It is well understood that the presence of these membrane-bound proteins on microglia is associated with an inflammatory niche within the brain (Greter et al., 2015) . Twoway ANOVA analysis of F4/80 expression demonstrates a significant effect of both age (p < .05) and acute O 3 exposure (p < .001) with no significant interaction. F4/80 expression on CD11b þ microglia cells increases with age (p < .01). Acute O 3 exposure only increases F4/80 expression in the aged cerebellum (p < .05), whereas aged animals have increased reactive microglia with more F4/80 compared with young animals after acute O 3 exposure (p < .001) ( Figure 3B ). The same pattern was observed for MHCII expression on CD11b þ microglia cells: 2-way ANOVA analysis demonstrates a significant effect of age (p < .01) and O 3 exposure (p < .001) with no interaction. MHCII expression increases with age (p < .05) and after acute O 3 expression in the aged cerebellum (p < .05) ( Figure 3B ). Aged animals have increased reactive microglia with more MHCII compared with young animals after acute O 3 exposure (p < .01).
The Microglia Population in Aged Animals is More Sensitive to Acute O 3 Exposure in the Brain Although we did not observe an effect of acute O 3 exposure on infiltrating immune cells in the brain (cerebellum and brainstem removed, data not shown), we did observe an effect on the microglia. Two-way ANOVA analysis indicated a significant effect of acute O 3 exposure (p < .0001), a significant effect of age (p < .01), and a significant interaction (p < .05), on CD11b expression ( Figure 4A ). This suggests that acute O 3 exposure increases reactive microgliosis in the brain dependent on age, with more severe effects occurring in the aged brain. Posthoc analysis with Bonferonni correction confirms an increase in microglia reactivity in the young brain (p < .001) and in the aged brain (p < .0001) after acute O 3 exposure. Aged animals have a greater reactive microgliosis population in the brain compared with young animals after acute O 3 exposure (p < .01). Data are shown in Figure 4A . As with the analysis for cerebellum tissue, we confirmed this apparent reactive gliosis of microglia by assessing F4/80 and MHCII expression. Two-way ANOVA analysis of F4/80 expression demonstrates a significant effect of both age (p < .0001) and O 3 exposure (p < .01) with a significant interaction (p < .001). However, as observed in the cerebellum, posthoc analysis suggests that acute O 3 exposure increases F4/80 expression only in the aged brain (p < .001), although aged brains have more F4/80 expression on microglia than young brains (p < .0001) without any exposure. Aged animals have increased reactive microglia with more F4/80 in the brain compared with young animals after acute O 3 exposure (p < .0001). Data are shown in Figure 4B . Interestingly, 2-way ANOVA analysis demonstrates a significant effect of age (p < .0001) on MHCII expression on microglial cells in the brain, but no effect of acute O 3 exposure at either time point, suggesting a ceiling effect of age on microglia MHCII expression ( Figure 4C ). However, aged animals have increased reactive microglia with more MHCII in the brain compared with young animals after acute O 3 exposure (p < .0001).
Microscopy Imaging Analyses of the BBB in Response to Acute O 3 Exposure These flow cytometry data suggest a discrepancy in response to acute O 3 exposure based on region. Age alone did not impact the infiltrating immune cells in the brain, but aged animals had an exacerbated response to acute O 3 exposure, particularly with respect to reactive microglia. Thus, we assessed the permeability of the BBB and the potentially reactive microglia using immunohistochemistry to determine regional differences. Aged male C57BL/6 mice were injected with a FSCN tracer 20-h postacute O 3 exposure (or post-FA exposure). Immunohistochemical analysis of BBB permeability was assessed as the total fluorescence of FSCN that was able to penetrate the vasculature and leak into the brain. Figure 5A shows a representative image of the BBB in the hypothalamus taken at Â63 in an aged animal. The vasculature (red, PECAM) and FSCN dye (green) overlap in than in the young cerebellum after exposure. C, Bar graph illustrating the MHCII MFI of the microglia population indicative of reactive gliosis or "priming" of microglia in the cerebellum. Age significantly increases this population, and acute O3 exposure increases this population only in the aged cerebellum. MHCII expression in the aged cerebellum after acute O 3 exposure is significantly higher than in the young cerebellum after exposure (n ¼ 3 per group, *p < .05; **p < .01; ***p < .001; ****p < .0001 by 2-way ANOVA; all values represent mean 6 SEM). . Age does not significantly increase this population; acute O3 exposure increases microglia in both the young and aged brain. The microglia population in the aged brain after acute O3 exposure is significantly higher than in the young brain after exposure. B, Bar graph illustrating the F4/80 MFI of the microglia population indicative of reactive gliosis or "priming" of microglia in the brain. Age significantly increases this population, and acute O 3 exposure increases this population only in the aged brain. F4/80 expression in the aged brain after acute O 3 exposure is significantly higher than in the young brain after exposure. C, MHCII MFI of the microglia population indicative of reactive gliosis or "priming" of microglia in the cerebellum. Age significantly increased this population. Acute O3 exposure does not change this population in the young or aged brain, yet microglia in the aged brain exhibit significantly greater MHCII expression after O3 exposure than microglia in young brains after exposure (n ¼ 3 per group, *p < .05; **p < .01; ***p < .001; ****p < .0001 by 2-way ANOVA; all values represent mean 6 SEM). FSCN) . B, Representative image of the BBB and astrocyte activation in the hypothalamus of an aged, FA-exposed animal taken with a Â63 objective; the merged image denoting leakage of the dye through the barrier. Figure 5B shows a representative image of the BBB in the hypothalamus taken at Â63 in an aged animal, demonstrating the potential overlap between FSCN dye penetrating the barrier and astrocyte localization around the vasculature (merged image, white). This merged image is provided in greater detail in Figure 5C . Figure 5D demonstrates the impact on acute O 3 exposure in the aged hypothalamus, particularly when compared with the aged brain (FA) in Figure 5C . These images suggest potential uptake or overlap of the FSCN dye with astrocytes after acute O 3 exposure; further evidence of this is demonstrated in Figures 5E and 5F in the dentate gyrus of the hippocampus. These images suggested the necessity of assessing FSCN alone: indeed, Figures 6A and 6B demonstrate better visualization of FSCN in the aged cortex with and without acute O 3 exposure, again suggesting a substantial impact of O 3 exposure. Further, attempting to separate the astrocyte and microglia contribution to BBB integrity was difficult, as seen in Figure 6C , particularly after acute O 3 exposure ( Figure 6D ). Thus, we determined that separate quantitative analyses of FSCN and microglia fluorescence were necessary.
The BBB is Highly Permeable in Aged Animals After Acute O 3 Exposure in a Region-Specific Manner Flow cytometry assessment suggested regional differences in susceptibility to acute O 3 exposure; to further delve into this potential discrepancy, we quantified BBB permeability in the following regions: brainstem, cerebellum, dentate gyrus, frontal cortex, hippocampus (CA1), and hypothalamus. Each of these regions is either (1) very sensitive to insult or (2) has differential permeability of the BBB compared with other regions. For example, the BBB in the hypothalamus is highly permeable due to the nature of hypothalamic functionality in controlling central and peripheral hormonal signaling (Haddad-T ovolli et al., 2017). Regional differences in vasculature density, and thus BBB permeability, occur in the hippocampus, thus the necessity for comparing the CA1 region to the dentate gyrus (Wilhelm et al., 2016) . Neurodegenerative disorders adversely impact microvessel density, particularly in limbic and cortical regions, whereas contradicting neuroinflammatory and BBB permeability responses to pathogens and toxins occur in the cerebellum and cortex in mouse models (Fabis et al., 2008; Janota et al., 2015; Phares et al., 2006) . Based on these findings, we have assessed BBB permeability and reactive gliosis in these particular regions of interest.
Acute O 3 Exposure Increases BBB Permeability and the Reactive Microglia Population in Cortical and Limbic Brain Regions of Aged Animals
Representative images of FSCN penetration and microglia (Iba-1) in the aged cortex after FA ( Figure 7A ) and acute O 3 exposure ( Figure 7C ) are shown in greyscale for better clarity. (Sections were imaged on a Zeiss AxioPlan2 Microscope with Nuance Multi-Spectral Camera.) Acute O 3 exposure increased BBB permeability (p < .001) (Figs. 7A, 7C , and 7E) and microglia fluorescence (number and reactivity) (p < .01) in the frontal cortex of aged animals (Figs. 7B, 7D , and 7F). This same pattern of increased permeability and concurrent reactive gliosis after acute O 3 exposure was found in the structures of the limbic system, which are particularly susceptible to neurodegeneration Ech avarri et al., 2011; Stoub et al., 2012) . In the dentate gyrus of aged animals, acute O 3 exposure increased both BBB permeability ( Figure 8A , p < .05) and the reactive microglia population ( Figure 8B , p < .01). The dentate gyrus harbors an adult stem cell niche that is particularly sensitive to extrinsic stimuli (whether positive or negative). Thus, we assessed the BBB permeability in another main hippocampal area, CA1. Acute O 3 exposure increased the BBB permeability in the aged hippocampus ( Figure 8C , p < .001) and increased microglia fluorescence ( Figure 8D , p < .01). The hypothalamus has a specialized BBB, allowing for passage of hormone and nutrients for regulation and maintenance of endocrine responses and feeding behavior (Haddad-T ovolli et al., 2017). We found increased BBB permeability after acute O 3 exposure in the aged hypothalamus ( Figure 8E , p < .001) and increased microglia fluorescence ( Figure 8F , p < .01). Representative images of FSCN penetration and microglia fluorescence are provided in the Supplementary data for each of these structures.
Acute O 3 Exposure Does Not Alter BBB Permeability or Induce Reactive Microglia in the Brainstem or Cerebellum of Aged Animals Acute O 3 exposure did not significantly impact BBB permeability or microglia fluorescence in the brainstem or cerebellum in aged animals (data provided in the Supplementary Figs.) . It should be noted that lobules IV and V of the cerebellum were assessed for fluorescence intensity. Potential reasons for the discrepancy in BBB permeability as determined by immunohistochemistry versus flow cytometry are discussed below.
Acute O 3 Exposure Alters Microglia Number and Morphology in Cortical and Limbic Regions of the Aged Brain
Alterations in microglia morphology were quantitated using an activation index, determined by the ratio of soma size to territory occupied by an individual cell. Acute O 3 exposure significantly increased the microglia activation index in the frontal cortex of aged animals ( Figure 9A , p < .0001). These morphological changes were accompanied by an increase in total microglia number in the same region ( Figure 9B , p < .05). Acute O 3 exposure increased the microglia activation index in other limbic structures, including the dentate gyrus ( Figure 9C , p < .01), the hippocampus ( Figure 9E , p < .01), and the hypothalamus ( Figure 9G , p < .0001). The number of microglia was also increased after acute O 3 exposure in the dentate gyrus ( Figure 9D , p < .001), the hippocampus ( Figure 9F , p < .05), and the hypothalamus ( Figure 9H , p < .01). Acute O 3 exposure did not significantly alter the activation index nor the total number of microglia in the brainstem or cerebellum (Supplementary Figure 6) .
Acute O 3 Exposure Increased b-Amyloid Protein Expression in Cortical and Limbic Regions of the Aged Brain
We observed increased FSCN penetration of the BBB and increased microglia number and activation in the cortical and limbic regions of the brain (Figs 7-9 ). Both phenotypes underlie neuroinflammation, thought to be potentially causal in the onset of neurodegenerative disorders (Ransohoff, 2016 b) . Thus, to determine the potential effect of acute O 3 exposure on the development of neurodegeneration outcomes in these brain regions, we assessed b-amyloid protein expression in the aged brain. Acute O 3 exposure increased b-amyloid protein expression in the brain of aged animals ( Figure 10 , p < .05).
DISCUSSION
In the present study, we hypothesized that the aged brain, due in part to increased BBB permeability, would exhibit vulnerability to neuroinflammatory outcomes of inhaled pollutants. To test the validity of this assertion, we optimized flow cytometry methodology for brain tissue, as previously described by Noor et al. (2017) , to differentiate between populations of infiltrating leukocytes and resident microglia cells, including assessing the potential for reactive gliosis. O 3 inhalation induced clear neuroinflammatory outcomes that were enhanced in mice of advanced age. Although O 3 is certainly relevant as a ubiquitous, global air pollutant, its importance in the present study is also as a highly reactive gas that does not penetrate beyond the lung. As such, our results, demonstrating O 3 -induced BBB permeability and neuroinflammation in aged animals, provide important context for observed neuroinflammatory outcomes caused by pulmonary exposure to particulates, which have clear interactions in the lung, but may also translocate to the brain in limited quantities. Previous findings suggest that blood-borne factors arising from toxicant interactions in the lung may drive both BBB dysfunction and activation of microglia (Aragon et al., 2017; Mumaw et al., 2016) , both of which may be influenced by aging-related changes in circulating factors (Villeda et al., 2011) . Neuroinflammatory consequences following O 3 exposure therefore strongly indicate that indirect pathways, stemming from pulmonary-derived circulating intermediate molecules, play a major role in driving neurological effects of inhaled pollutants. Recent work demonstrates that exposure to many forms of air pollution, including particulate matter, induces hallmarks of neuroinflammation, notably increased proliferation and reactivity of microglia and astrocyte populations (Aragon et al., 2017; Levesque et al., 2011a, b; Mumaw et al., 2016; Oppenheim et al., 2013) . This exposure-induced neuroinflammation has typically been reported in healthy, young research models. As neuroinflammation likely underlies the development of neurodegenerative disorders, understanding the contribution of and microglia contribution to BBB integrity was difficult, particularly after acute O 3 exposure. Thus, separate quantitative analyses of FSCN dye penetration and microglia fluorescence was performed. All images were taken with a Â20 objective on a Zeiss LSM800 Airyscan.
environmental stressors, and their mechanisms of action, is of utmost importance (Jayaraj et al., 2017; Ransohoff, 2016 b) . Despite the potential for increased BBB and neuroinflammation in older mice, recent studies of particulate matter impacts on neuronal atrophy in older animals has revealed a possible agerelated ceiling effect (Woodward et al., 2017) . Thus, it is perhaps an oversimplification to conclude that age confers neurological vulnerability to air pollutants, but evidence from the present study and others suggests a mechanistic pathway whereby circulating factors arising from the exposed lungs negatively impact BBB function and recruit neuro-supportive cells (astrocytes and microglia) to assist in protecting the brain. In doing so, the normal activities of microglia and astrocytes, such as aiding synaptic plasticity and removal of amyloid plaques, may be limited in the face of such environmental stressors. Although speculative, the recent findings of an age-ceiling effect in association with the present data of age-associated neuroinflammatory effects of O 3 , potentially suggest that young individuals may have diminished neuroinflammatory responses, but that their neuroplasticity and cognition is more sensitive to the modest BBB leakage indirectly induced by inhaled toxicants. Although we did not asses the perpetuation of O 3 -induced neuroinflammation, several studies report clear systemic physiological changes and some neuropathology in response to both acute and chronic exposure to O 3 (Akhter et al., 2015; Gomez-Crisostomo et al., 2014; Thomson et al., 2013 Thomson et al., , 2016 . Additionally, the potential compensatory molecular mechanisms combating O 3 -induced neuroinflammation in aged animals are the subject of further study.
Our flow cytometry analysis suggests that age alone does not increase the population of infiltrating peripheral immune cells in the brain. However, acute O 3 exposure increased the populations of neutrophils, macrophages and/or monocytes, and inflammatory monocytes in the aged cerebellum presumably via permissive infiltration through an already vulnerable BBB. These populations were not significantly increased in the young cerebellum after acute O 3 exposure, suggesting a discrepancy in response to an inhaled pollutant. We did not detect substantial effects of age or O 3 exposure on the infiltration of immune cells for brain homogenate tissue (sans cerebellum and brain stem), although we may have been underpowered to detect smaller influences of aging. Selective permeability exacerbated by aging is dependent on region (Mooradian, 1988; Wilson et al., 2008) ; thus, we were not able to discern these regional differences using flow cytometry analysis on brain homogenate tissue. Potentially, the effects we observed would be more pronounced provided a larger pool of subjects.
Microglia cells, as part of innate immunity, respond to tissue insult, particularly BBB damage, with inflammatory actions that surpass their normal phagocytic behavior in supporting structure and function of the CNS (Streit et al., 2004) . Under inflammatory conditions, microglia lose their "ramified" morphology, adopt an amoeboid shape, and increase their expression of Iba-1 (Greter et al., 2015) . We assessed total Iba-1 fluorescence as a proxy for reactive gliosis, or "activated" microglia, indicative of neuroinflammation. Microglia fluorescence directly correlated with BBB permeability, as determined by FSCN penetration through the vasculature, in all brain regions. Microglia morphological assessment was quantitated as an activation index, derived from the ratio of the soma size to the territory covered by the microglia based on the perimeter from the most extensive processes. Acute O 3 exposure increased all measures of reactive gliosis, including microglia fluorescence, proliferation, and the activation index (altered morphology) in cortical and limbic regions. Thus, acute O 3 exposure concurrently increased BBB permeability and neuroinflammation in the cortex, dentate gyrus, hippocampus (CA1), and hypothalamus, but not in the cerebellum or brain stem of aged animals.
To further determine if microglia have a "reactive gliosis" phenotype simply due to age, we assessed the population of microglia and its expression of F4/80 and MHCII. As elevated CD45
þ expression is present in both activated microglia and infiltrating monocytes, further gating on F4/80 expression was performed for positive identification of microglia (Figure 1 ). For total brain homogenate, the microglia population was not significantly increased by age; however, the microglia population of the cerebellum was increased in aged animals compared with young ones. In both cases, of the microglia present in the aged brain, a significant proportion of the population expressed more F4/80 and MHCII than microglia in the young brain, suggesting potential priming ahead of an insult (Hart et al., 2012; Norden and Godbout, 2013 (Nikodemova et al., 2016) . This resilience has been observed in other studies demonstrating that immune challenge induces greater neuroinflammatory outcomes in the aged versus young brain (Hart et al., 2012; Norden and Godbout, 2013) . Given these data, the aged brain is potentially more vulnerable to insult and its resident immune cells, microglia, are primed such that insult drives a neuroinflammatory response, which is not observed in young animals.
The breakdown of BBB permeability may be an initiating mechanism of neurodegeneration eventually resulting in cognitive decline (Montagne et al., 2015) . Additionally, infiltration of peripheral immune cells may induce neurodegenerative outcomes, including AD pathology (Prinz and Priller, 2017; RezaiZadeh et al., 2009) . AD is a neurological disorder that results in severe memory deficits and is characterized by neuronal loss, increased accumulation of toxic isoforms of b-amyloid peptide and tau in brain parenchyma, and neurovascular dysfunction (Sagare et al., 2012) . Acute exposure to O 3 increased the Ab 1-42 peptide in aged animals, although we did not confirm the permanence of these effects. Some reports suggest that b-amyloid production is a protective response to foreign invaders, including viruses (Bourgade et al., 2016; Castellani et al., 2009) . Potentially, the increase we observed was a compensatory response; however, increased accumulation of b-amyloid can induce neuroinflammatory responses including reactive gliosis of microglia. This reactivity can be both protective (in facilitating the elimination Ab) or detrimental in the setting of a prolonged chronic neuroinflammatory state, contributing to neurodegenerative outcomes (Wang et al., 2015) . Few reports show no change in Ab accumulation after exposure to air pollution (Bhatt et al., 2015) . Many studies, using either acute or chronic Figure 9 . Acute O 3 exposure alters microglia morphology and number in limbic structures of the aged brain. Acute O3 exposure significantly increases the activation index of microglia, as determined by the ratio of soma size to territory of processes in the aged (A) cortex, (C) dentate gyrus, (E) hippocampus, and (G) hypothalamus. Acute O 3 exposure significantly increases reactive gliosis, including the number of microglia in the (B) cortex, (D) dentate gyrus, (F) hippocampus, and (H) hypothalamus (n ¼ 11-15 individual cells per group and n ¼ 5-6 images for total microglia quantification, *p < .05, **p < .01; ***p < .001, ****p < .0001 by Student's t test; all values represent mean 6 SEM). exposure to some type of inhaled pollutant, have reported an increase in toxic Ab in the brain concurrent with memory impairment, though we did not assess functional or behavioral outcomes (Block and Calder on-Garcidueñas, 2009; CalderonGarciduenas et al., 2016; Levesque et al., 2011a; Mumaw et al., 2016; Rivas-Arancibia et al., 2000) . In aged animals, this increase, when coupled with primed microglia, likely induces a negative impact on the brain, promoting neuroinflammatory and neurodegenerative outcomes.
Current literature suggests that aging impairment of BBB permeability may vary substantially among individuals, potentially indicating a pathological mechanism that confers neurological vulnerability to environmental stressors such as air pollution (Gemechu and Bentivoglio, 2012) . Enhanced BBB leakage may permit translocation of circulating molecules (proteins, lipids, metabolites) into the brain parenchyma, as well as permit greater recruitment of systemic immune cells. Further, a recent report demonstrated that normal aging disrupts tight junction proteins concurrent with BBB "leakage" but this does not result in increased leukocyte trafficking into the brain (Elahy et al., 2015) . Thus, to quantify the discrepancies in brain region permeability, we assessed the translocation of a systemically-injected dye into specific brain regions in aged animals with and without acute O 3 exposure. We found significant differences in BBB permeability, as measured by FSCN penetration in the brain, in cortical and limbic regions in aged animals after acute O 3 exposure; however, as discussed above we did not find changes in permeability for these regions (collectively in homogenate brain tissue) using flow cytometry. Conversely, we found no significant differences in FSCN penetration in the brain in the cerebellum or brainstem, yet we measured increased leukocytes in the cerebellum using flow cytometry. These findings correlate with those of microglia populations. We found no significant changes in microglia fluorescence, proliferation, or morphology in the aged cerebellum after acute O 3 exposure and yet, we did observe increases in the microglia population in the aged cerebellum compared with the young cerebellum. Potentially, this discrepancy in microscopy and cytometry data may be due to a ceiling effect: the cerebellar BBB has been shown to be more sensitive than the cortical BBB (Phares et al., 2006) , thus visualizing a potentially increased fluorescence signal is not as sensitive as high-throughput single cell analysis. Changes in cerebellar-specific neuroinflammation, including cytokine production, can potentially be decoupled from neuropathology, suggesting another mechanism of action that requires further investigation (Hurley and Tizabi, 2013; Streit et al., 1998) . Alternatively, regional differences in BBB permeability have been observed in other studies assessing viral clearance suggesting that low molecular weight markers (below 150 Da) are needed to observe cerebellar leakage after insult (Fabis et al., 2008) . These data may be similar to a previous study showing regional BBB permeability without increased leukocyte trafficking (for cortical and limbic regions) or may underscore the importance of delineating brain regions when assessing peripheral immune infiltration via flow cytometry. Whether leukocyte extravasation occurs due to increased BBB permeability or due to circulating peripheral immune factors that aid in homing to the brain is unclear. What is apparent, from our studies and the literature, is that the aged brain is more sensitive to this environmental stressor than the young brain (Blau et al., 2012; Lee et al., 2012) , resulting in concurrently increased BBB permeability and leukocyte trafficking.
CONCLUSION
Aging exacerbates the neuroinflammatory impact of O 3 exposure, potentially due to impaired BBB functionality. We propose that increased permeability of the BBB due to a pulmonary insult activates already primed microglia in the aged brain. This activation along with concurrent infiltration of peripheral leukocytes may collectively contribute to the accumulation of b-amyloid protein, which likely further intensifies neuroinflammatory outcomes and initiates or perpetuates neurodegenerative phenotypes. Long-term neurological consequences of such effects of O 3 remain unknown, but given the rapidly aging global urban population exposed to O 3 and related pollutants, further investigation to understand the mechanism of toxicity and underpinnings of vulnerability are warranted.
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